Abstract. The present paper exposes the development of a specific Digital Image Correlation (DIC) method to ensure a fast calculation of fracture parameters such as stress intensity factors and crack length. This measurement is used to control a fatigue crack propagation using the load shedding method in order to ensure a limited plastic damaged crack. The experimental procedure has the main advantage to be fully automotive. The parameters' identification is compared with a more sophisticated identification method and shows a good accuracy.
Introduction
During some experimental investigations, fatigue tests are used to pre-crack samples in order to localize the damage and to create strain/stress singularities. Convention advices to use a constant loading force ratio [1] . As soon as the crack begins to propagate, the stress intensity factor increases and an instability occurs. As a consequence, it is very difficult to control the size of the pre-crack. Moreover during the propagation with a constant loading path, the size of the fracture process zone increases. To control the propagation, the load shedding method which consists in modifying the loading path during the propagation is used ( [2] , [3] and [4] ). The Digital Image Correlation (DIC) is an identification method which provides the plane displacement field on the surface of a loaded sample. This method is used as an accurate tool to identify fracture parameters such as crack length or stress intensity factor [5] . The present work uses DIC with a specific formulation to identify the stress intensity factors and the cracks length to control the fatigue crack propagation. The first part of the paper exposes the load shedding procedure used in fatigue crack propagation. The experimental set up is detailed into the second part. The third part explains the principle to identify fracture parameters with DIC. Eventually the first results of the method are given into the fourth part.
Load shedding
Load shedding is an experimental procedure which consists in correcting the loading path during the propagation of a crack in fatigue ( [2] ). This method can be used to predict the stress intensity factor threshold ( [3] and [4] ) and to obtain a crack propagation with a constant size of the fracture process zone. The size of the fracture process zone in plane stress can be estimated by the equation 1.
a e-mail: emilien.durif@insa-lyon.fr K max corresponds to the maximal value of the stress intensity factor during the load cycle. During a fatigue propagation test under a constant loading path, the stress intensity factor increases with the crack length which contributes in the increasing of r FPZ .
The evaluation of the crack length or the stress intensity factor must be performed during the fatigue test. Compliance technique or potential difference [6] are commonly used to estimate the crack length and K I is estimated through an analytical formula given for instance (equation 2). F(a,W) is a geometrical correction factor and σ is the uniform uniaxial stress level far from the crack which corresponds to the applied load.
Experimental set up
Fatigue tests are made on Zircaloy Zry-4 samples which are notched to localize the damage. The loading path is applied by an hydraulic tensile machine. The loading rate is equal to 0.1 with a maximal value corresponding to half of the yield stress for the notched section. The sample is designed with a section of S = 2.5 × 8mm 2 . During the fatigue test a 1200 × 1600 pixels digital camera is taking pictures of the sample plane surface with a speckle applied on it. To avoid transient effects the image acquisition is driven without stopping the tensile machine thanks to a very short exposition time. The informations given by the Digital Image Correlation procedure (K I or a) are converted into an analogical signal which informs automatically the tensile machine to correct the loading path( figure  3 ). It is corrected every pre-defined increment of a. 
Fracture parameters identification with Digital Image Correlation
Digital Image Correlation method is based on the optical flow equation (3) . The displacement field U is searched between a reference digital (grey level) image, f X and a deformed one, g X . U is written in a chosen basis function, U X = n a n Ψ n X .
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As we want to control the test by using directly DIC, we put the emphasis on the computational cost of the technique. A crude displacement basis is thus elaborated in order to reduce computational cost and perform DIC while the experimental test is running. The displacement is shared into a plane translation, a rotation, an elongation and an discontinuous displacement (equation 4). Because of the notch on the samples and the loading path we know that the crack will propagate along the horizontal direction. A region of interest and a crack direction are defined. Then along the crack direction a discontinuous basis of function which are commonly used to represent cracks [7] , is used: the heavyside function, H(x, y) which is equal to ±1 on each side of the crack (equation 5). The crack line is discretized into N nodes. N i (x) are the linear shape functions which constitute the partition of the unity on those N nodes.
The normal displacement field corresponding to mode I around the crack tip can be expressed into the polar coordinate system (equation 6).
The displacement jump is the difference of it between both sides of the crack (θ = π and θ = −π). It depends on the square root of the distance to the crack tip r, on K I and the material properties (κ and µ) (equation 7).
The square of the jump displacement is linearly interpolated to detect the crack tip (figure 2). The position of the crack is corrected with de rigid motion which is obtained from the calculation of U t . The stress intensity factor K I is computed with equation 9, P being the slope of the interpolating line. In plane stress, coefficients κ and µ are deduced from the Young's modulus and the Poisson's ratio at room temperature which are repectively equal to 98GPa and 0.36 for the Zry-4. The Yield stress is equal to 420MPa.
The present method is compared for validation purposes with a more sophisticated decomposition using the Williams' series formalism as basis function ( [8] and [9] ). The displacement field in an infinite solid containing a semi-infinite crack is given into polar coordinate with the crack tip as origin. The displacement field is expressed into the complex plan u = u x + iu y and can be expressed into the Williams' series basis decomposition (equation 10) [8] .
The integer k represents the failure mode (I and II in plane stress). In this problem the mode I prevails onto mode II and the associated function is given by 11. The integer n gives terms with 31012-p.3 different interesting physical meaning. The term corresponding to n=1 gives directly the standard Westergaard asymptotic displacement field around the crack tip (equation 6). Thus using equation 6, the stress intensity factor can be calculated. The position of the equivalent elastic crack tip is given with n=-1. The crack tip detection is corrected using the rigid motion (n=0).
The displacement fields obtained with this two methods ar given on picture 3 (a) and (b). It is notified that the crack tip is represented with more accuracy on the map given with the Williams' series basis function. However the displacement jump is obtained of the same magnitude. The comparison in the calculation of the crack length and of the stress intensity factor is given into pictures 4 and 5. It shows that the fast detection method is very accurate and can be used as an efficient tool in identifying fracture parameters while the test is running. 
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Crack propagation control : results
Notched Samples are tested under fatigue cyclic load. The loading rate remains constant and equal to 0.1. A test was driven under a constant maximum force (F max ) until the complete failure of the sample. A second test was driven with a correction of the maximum force while a is increasing. The width of the sample (W) is equal to 8mm, the thickness (e) is equal to 2.5mm and the notched is about 0.5mm. The loading path is changed every 0.5mm of propagation following equation 12.
The difference between the crack velocity is very strong. In the two cases the crack initiates approximatively at the same time but in the second case it is two time faster (picture 6 and 7). Picture 7 shows that with the load shedding method and using this kind of instruction, K I increases very slowly unless at the end of the failure when boundary effects become predominant. Picture 8 shows that until a=3mm the difference between the stress intensity factors remains approximatively nil before increasing largely after this value
The measurements of K I show a good accuracy with a time of calculation short enough to be used as a command to ensure a stability in the crack propagation. Test can be driven in order to decrease K and thus the size of the Fracture Process Zone. To ensure this, an exponential correction is adviced [10] . 14th International Conference on Experimental Mechanics
∆K and ∆K 0 are respectively the current and the initial amplitude of K I . a and a 0 are respectively the current and the initial crack length. C is a constant relative gradient parameters and it is adviced to be taken as inferior to 0.08mm −1 . This kind of correction need a perfect synchronization between the loading force and the image acquisition.
Conclusion and perspectives
This method enables us to assist the crack propagation by controlling the loading path. The calculation for one picture, takes less than one second which is largely sufficient in the case of fatigue crack propagation. The method has the main advantage to produce a pre-crack sample in an all automatic way using a no-contact measurement. By reducing the load during the propagation, the size of fracture plastic zone is limited. Different kind of control will be tested to study the effect on the damage of the crack propagation. Although a crude basis is used, this method shows a good accuracy when it is compared to a more sophisticated identification basis. A perspective of this work is to confront the accuracy onto the DC potential drop techniques.
